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introduction 


Polyethylene, which appears at first glance to be the simplest of polymers, 
displays properties which are surprisingly complex. One reason for this is 
the high degree of crystallinity in this "semicrystalline 1 ' polymer, This 
paper, which is a portion of a larger study (1) , describes the compressive 
strain-ratc/tempcrature behavior of highly linear, high density polyethylene 
and the success of on analysis of this behavior based upon techniques used 
successfully for other crystalline materials. 

EXPERIMENTAL 

Two highly linear, high density polyethylene resins were studied: Marlex 6009 
(Phillips Petroleum Company, Bartlesville, OK), a high weight-overage molec- 
ular weight (195,000), medium molecular-weight distribution (13,6) blow- 
molding resin, and Alathon 7050 (E. I. duPont de Nemours and Co., Inc., 
Wilmington, DE) , a medium weight-average molecular weight (55,000), narrow 
molecular-weight distribution (3.1) injection-molding resin. To avoid 
anisotropy the polyethylenes were compression-molded into slabs which were 
annealed to relieve molding stresses, yielding materials which tested to be 
substantially isotropic. Cylinders having an aspect ratio (length/diameter) 
of 1.5 were machined from these slabs, with intermediate anneals used to 
maintain isotropy. Compression testing was done using a hydraulic servo-ram 
testing system. Temperatures from 23°C to 130°C were controlled by a 
resistance-heated, liquid-gas-cooled temperature chamber. In addition, the 
temperature gradient between the compression platens was controlled to less 
than 0.2°C. Barreling and other nonuniform deformation were successfully 
controlled by careful lubrication between specimen and platens. Strain rates 
ranged from 5 x 10“ 7 to 10“ 1 s -1 . The majority of the tests were performed 
at constant applied engineering strain rate. About 20% of the tests, 
however, were conducted at constant applied true strain rate, meaning that 
the compression rate was programmed to be continuously reduced as the overall 
specimen length was reduced.** In addition, some applied-true-stress (creep) 
testing was done. 


RESULTS 

A representative stress/strain curve is shown in Fig. 1. The curve is for 
Marlex 6009 tested in uniaxial compression, under applied true strain rate, 

*Presently at Advanced Research and Applications Corporation, 

1223 East Arques Ave., Sunnyvale, CA 94086. 

**"Engineering" strain is the change in length divided by the initial 
length: e » &l 0 /l 0 . "True" strain is the instantaneous change in length 

divided by the instantaneous length: 

e *» AJJ./& “f di/i “ ln(£/£ 0 ) = ln(l + e) , where e is positive in tension 

and negatlve°in compression. Similarly, "engineering" stress is the load 
divided by the initial area: S a L/A 0 , while "true" stress is the load 

divided by the Instantaneous area: a = L/A = S(1 + e) , 
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at Hu- behavior lor A hit linn 70.' 0 la similar, except that .it this 

temperature the Alnthon utrewj level la slightly lily, tier. As can be seen 
from the figure, n eonatant stream iu attained after un initial hardening 
period. At moderate tempera t urea mid strain rates, where failure does not 
intervene (2) and in the absence of severe barreling, tills stress remains 
constant to trie strains as high as 200%, This behavior is analogous to 
that of most metals and otlier poiycrystnlllne materials, and thus this 
stress will be referred to as the "steady state flow stress," with the 
symbol o 8il . 

The typical behavior obtained upon a change in true strain rate is also 
shown in Pig, 1, In the steady state flow region n change in strain rate 
first produces n short transient and then n new constnnc stroos, which is in 
fact the steady state flow stress for the new strain rate. As demonstrated 
in Fig. 1, a large change in strain rate (a factor of 5) produces n small 
change In stress (a factor of 1.1), Because of this strain-rate insensi- 
tivity, the material is also very stress sensitive. Therefore, in applied 
BtresB testing (creep) a small deviation or change In stress produces a 
large change in strain rate. Because of this amplification of error in 
creep testing, applied-strnln-rntc testing was chosen as the primary mode of 
testing in this investigation. However, sufficient creep testing was dona 
to confirm the relationship between applied-struin-rate and appiicd-stress 
testing.' Thin was determined by tests where the steady state flow stress 
resulting from n given applied true strain rate was applied to another 
specimen in compressive creep. It was found that, ns for other polycrys- 
tolline materials, within the uncertainties in the data the minimum or 
"steady state" creep strain rate attained in the creep test was the same as 
tile applied true stroln rate in the first test, Thus it was assumed Chat 
the "steady state" results of creep and nppliod-strnin-ruto tests are equiv- 
alent and reflect basic material behavior. 

The relationship between applied stress and resulting creep strain rate 
as a function of tempera tuce, or conversely the relationship between applied 
strain rate and resulting stress, are important to the understanding of the 
mechanical response of a material. A logarithmic plot of applied true strain 
rate versus steady state flow stress for Mnrlcx 6009 at various temperatures 
is shown in Fig. 2. Statistical fitting indicates that in almost every case 
the data of Fig. 2 are well fit by a "broken" straight line changing from a 
slope of about 2B at low strain rates to a slope of about 10 at high strain 
rates. 

Alnthon 7050 exhibits similar behavior. At temperatures of 70°C and 
below the results Cor Alatlion 7050 are statistically the same as those Cor 
Marlex 6009, At higher temperatures, however, the results Cor Alnthon 7050 
are shifted increasingly to higher stresses, Furthermore, when the logarithm 
of true strain rate is plotted versus the logarithm of stress at 5% or 10% 
true strain, the result is identical to Fig. 2, except that the stresses are 
shifted to lower levels. Thus, we assume that the behavior for Marlex 6009 
In the steady state region is generally representative of the behavior of 
polyethylene both in the steady state region and at strains as low as 5%. 

ANALYSIS AND DISCUSSION 

The strain region of this study was far higher than the linearity limit for 
polyethylene, or foe any other semicrystalline polymer (3,4). While a number 
of theories of nonlinear viscoelasticity have been developed, most of those 
have nD physical significance (5) and would thus contribute little to our 
understanding of behavior. As an alternative, we will compare the behavior 
of polyethylene to the behavior of metals and other polycrystalline 
materials. Here creep lias been demonstrated to be a thermally activated 
process which can be described by an Arrhenius relation of the form (6) i 

e » f(a,c) oxpC-Qg/RT) 


( 1 ) 
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where i Is tlu* steady state creep rate; f is some function of applied 
stress, o» and one or more unspecif led variables, la the activation 

energy Cor Clow; It is the universal gas constant; mul T is the absolute 
temperature. Furthermore, for most polyervsUlUne metals and many alloys, 
at low to moderate stresses and at temperatures above half the absolute 
melting temperature, the stress dependence of the creep rate his been shown 
to obey a "power law" (0), namely; 


c « o n 


( 2 ) 


where n is the "stress exponent," Although the stress exponents observed 
for polyethylene arc much higher than those of most homogeneous alloys 
(reflecting the unusually high stress sensitivity of this material), similar 
high exponents have been observed Cor metal-base particulate composites 
(6,7,8) and for dispersion-strengthened alloys (9). 

Combining Uqa. (1) and (2) we get a Htrain-rntc/streBs/temperntnte 
relation of ; 


E ■ K o n cxp(-Qf/RT) (3) 

where K is a constant and is not a function of stress. If K is also not 
a function of temperature, the activation energy Cor flow will be propor- 
tional to the slope of lines at constant stress on a plot of the logarithm 
of strain rate versus inverse temperature. Such a plot for Marlex 6009 is 
given in Fig. 3 for various values of stress. While theoretical bases Cor 
Btress-dcpendent activation energies have been offered by other authors 
(10,11), the dependence seen here, where the activation energy increases ns 
the stress decreases, is opposite to any theoretical expectation. Conse- 
quently we will explore other possible explanations for the behavior shown 
in Fig. 3, 

Figure 3 indicates that the low stress data are associated with higher 
temperatures than are the high stress data, and further thnt some of the 
data show a tendency to upward curvature rather than constant slope behavior. 
Thin might indicate thnt die activation energy for flow is t emperature rather 
than stress dependent. For linear polyethylene, a secondary transition 
region known as the n-trnnsition, is encountered at about 75°C, with the 
exact temperature region depending on the specific polyethylene resin, its 
processing, and other such factors. It has long been recognized thnt ns a 
transition region in approached, cither from higher or lower temperatures, 
activation energies increase rapidly (12), and In fact the activation energy 
maximum is one definition of the "transition temperature." However, because 
oven the lowest activation energies obtained for polyethylene in Fig. 3 arc 
very high, this explanation seems unsatisfactory. 

Another possible explanation for tha observed behavior is thnt the 
"constant" K in Eq. (3) is temperature dependent. For many metals and 
alloys K has been observed to be somewhat influenced by temperature through 
its dependence on the micros true turo of the material. Inclusion of ttic micro- 
structure influence gives us a strain-rate equation of the form 

e » f (o/x) exp(-Qj;/RT) (6) 

where x is a term reflecting the temperature-dependent structure of the 
material. If the stress dependence is of the form of Eq. (2), we then haves 

c * k(u/x) n exp(-Q|/RT) (5) 

where k is a constant. It has further been found that for pure polycrys- 
tnllinc metals the structure term x I s proportional to the elastic modulus 
of the metal (13). 
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Uu tat Iona le behind .1 stiuctut'i. term is tint Lempei.Uun -dependent 
.hangen In internal mtvri.il ntrueture .mu lull tie nee the rate el Lliv v.irl.m: 
ru'.’lumii>m:i of deformation, In Ilg. 2 we would presume tluit the two up, Join, 
of dllfering serous) exponents Indicate tlt.it two ditlereiU mechanism!. lot- 
flow .irv rate controlling. Thus, if a utructure turn were used to r.movc 
tliv tempera tu ro dependence oi the pre-exponentJ.il constant in Iq. U). wo 
might expert that at all temperaturen the change from one mechanism to 
another would occur at the same value of "structure -compensated stress," 

Such behavior has in net been observed with other materials f.? ,0,16) . Thin 
would be the ease If the structure term, \(T), were proportional to the 
stress at which the change in slope occurs in the constant-temperature linen 
of Fig, 2, In Hr. 9 wo show a logarithmic plot of true strain rate versus 
"structure-compensated stress" at various temperatures. Struct ure-eompensau.t 
stress is taken an the steady state flow stress divided by tile stress- 
ut-chaiige, o e , which is the stress at which the stress exponent changes from 
28 to 10. Data at 23 D C mid 130°C were omitted since we could not determine 
an accurate o c for those temperatures. By definition all of the changes 
in slope now occur at a structure-compensated stress. o H! ,/o c , equal to one, 

The activation energy for Clow, taking into account this structure- 
compensation, can now be determined from Kq» (5) hv plotting the logarithm oi 
true strain rate versus inverse temperature at constant s tri L l iyLfA - Jr2\i’li\?Jy i il* : J c ’ " 
stress. Such a plot is shown in Fig. 5 for Marlex 6009, Remarkably, 
the slopes of the curves are all approximately the same, indicating n 
constant activation energy for flow over the full range of stress and 
temperature. In other words, Hq. (5) appears to be valid, with neither the 
activation energy for flow nor the constant k as a function of stress or 
temperature. The activation energy, which averages 69 kJ/mol (15.3 keal/mol) , 
is constant even in the region of the a secondary transition, and its value 
Is low enough to be reasonable for a physical process in polyethylene, 

Using the structure-compensated stress and the activation energy value 
of 69 kJ/moJ, we can now construct a "Master Curve" Cor deformation of 
polyethylene. Rearranging Eq, (9) we got! 

i uxp(Q f /KT) « f(o/x) (6) 

If we substitute co^, whore c is a constant, for \, and then assume that! 

f(o/ce c ) « l ? (o/a c ) 


we have: 


t exp(Q f /RT) = F(o/o c ) (7) 

where c oxp(Q,./RT) Lb the "activotion-encrgy-componsated strain rate," and 
<t/o c is the "structure-compensated stress." A logarithmic plot of 
activation-enorgy-compensatod strain rate versus structure-compensated 
(steady state flow) stress Cor Marlex 6009 is given in I'!g. 6. Results of 
similar form arc obtained for Alnthon 7050 and for stresses at strains of 
5” and 102. This "Master Curve" represents the deformation behavior over 
the strain-rate range from 5 * to IQ - ' s -1 and over the temperature 

range from 39°C to IZG'C. The overall flow behavior can be represented by 
the relation: 


e cxp(Q f /RT) = k' (o/o c ) n (8) 

where Q, is 69 kJ/mol, k 1 its a constant, and n changes from 28 to 10 at 
an actlva tion-energy-componsa ted strain rate of 10 1, h -1 . 

While the above results are analogous to the' findings for metals, the 
structure compensation effect Is large for polyethylene and small for metals, 
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while tlu* activation energy compensation l« mu, ill fee polyethylene .uni large 
lor metals. iiie implication In that temperature affects the internal 
n tenet u re and hence the cate of the d of entut ion processes for polyethylene 
far more than It Joes the haste rate-controlling stepto) of the flow process. 
For me tain the opposite la true, It la of further Jnterent to note that the 
temperature dependence of the atrucciire-eompenaatiou term, o c , la similar to 
that of the dynamic elaatie modulus of polyethylene, Indicating that aa for 
metala the elaatie modulun may reflect the Internal a true turn of the material, 
(In fact, for creep of 1’IIMA structure-compensation uulng the dynamic elastic 
modulus wan found to yield a conn rant aeciv.it ion energy for flow and a master 
predictive relation (1).) For metals, the activation energy for flow obtained 
after structure compensation 1 h found to be equivalent to time for solf- 
dif fusion. Similarly, cho activation energy value for Maries 6009 (and for 
Alathon 7050) of 6>'i kj/mol la comparable to the values of M to 71 kJ/mol 
found for self-diffusion or diffusion of similar species in polyolefins 
(15,16). It would Boem that the predictive relations derived for metals 
and ocher crystalline materials give significant insight into the deformation 
behavior of polyethylene aa well. 


CONCH'S IONS 

We have successfully analysed the compressive strain-rate/ temperature behav** 
lor of high density polyethylene in terms of the predictive relations devel- 
oped for other crystalline materials. The resulting activation energy for 
flow was found to be constant over the temperature range from 39°C to 126®C, 
even though a secondary transition of polyethylene occurs at about 75 # C, The 
success of tills approach is significant in that it implies a greater 
similarity than has been generally recognised between the deformation 
behavior of polyethylene and that of other crystalline materials. 
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TRU;., STRAIN, C 


Fig. 1 Representative stress/strain curve £or true-atrain-rate-ehangc testing 
of high density polyethylene In uniaxial compression. The curve is for 
Marlex 6009 tested at 88°C. 



STE AOY STATE FLOW STRESS, MPn 

Fig. 2 logarithmic plot of true 
strain rate versus compressive 
steady state flow stress for 
Marlex 6009 at various temper- 
atures , Stresses represented 
by closed symbols are valid to 
±5% or better; stresses repre- 
sented by open symbols are valid 
to about ±10%, 
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INVERSE TEMPERATURE, toll, K ’ 


Fig. 3 Activation energy plot: 
semi-logarithmic plot of true 
strain rate versus inverse 
temperature for Marlex 6009 at 
various stresses, Open symbols 
indicate extrapolated data. 
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F 1 ^ . I Rspresentat ivs atress/strain curve for trus-strain-rata-ihange testing 
l|h density polyethylene la uniaxial compression. At curve 1» IM 
Mur lex *>009 texted at 88*C. 



STEADY STATE FlOXr STRESS . MAj INVERSE MwriNAIuMI 10’ 1 «’ 

Fig. 2 Logarithmic plot of true Fig. } Activation energy plot: 

strain rate versus compressive seml-logar ltlimlc plot of true 

steady state flow stress for strain rate versus Inverse 

Marlex 6009 at various temper- temperature for Marlex 6009 at 

atures. Stresses represented various stresses. Open symbols 

by closed symbols are valid to indicate extrapolated data. 

! V or better; stresses repre- 
sented by open symbols are valid 
to about llOt. 


o 





?SSS6 


nvil WVtUS a3J.V5N3dW03 ADII3N3 N0I1VAI13V 


R 

o .t w ^ 

" * „ r. 


s js 


Vi 


t< 

r*» 



u 


C 

*• 


•» 

V 






n 

3 


( ^ 


re 

i< 

r 


v y 



t 

►< 

X 

W Vi 


/. 

c 

v 

V 

t~v» re 


»•» 

£ 

> 

V< 


V 


«N 


M 

u 


X 

«V 


vt 


X 



w 


v: re 

«i 


> 


*re 

i* X 

tv 


•M 

w. 


/. n 

W 

t 

W 


w 

i. > 

/ 

C j^- 

vv 

C 

re 

^ CO 



re 

•M 

« 

Vv 

»r 


VM 


c 

*-> •’3 

IT. ti 

V. 

C ♦ 


to 

V-J 

0 rej 
Gv w 

V VI 

•M S 

0 st 


tl U 
*rt »m 

tv u 


& 

y 

u «r 
i c 
3 CJ 

U 

a 

tv C* 

9 ^ 
u u 
u r* 

w :n 


* X = 

w *S 
X *3 X 

5 f? 

U *-» 

C/ w 
v: 

* *3 
v. — * 

£. «-4 

i* T 

U > 


>, 

X 

*rj f% 


*-« V 



3 

5 

ui 

a 

S 


o o 

M 3 

ft. t- 


>3 

« w 
t* 0 
C 

c 


W 
tv 
O 
> 

- c 

o »r< 


C p* <fl 

»H U 5 ) 

U >H t 

re g a 


11 U 

o 

o 

o 

X 

« 

o 

I— I 

M 

rj 


m 

* »H 
W G 
•re 3 

Uv V) 


M O 
tv W 

re re 
to V< 
o 


•re c 


a 

t* 
t- 3 
O w 
— Li 

O u 
tv u 
3 UJ 
u 

re to 

tv 3 

<y o 

a»H 

8 5 ? 


(3 

u 

M-S 


X 

W rH 
O 

c a 
a r: 
cl v 

°s 

to o 

V u 

UJ C 3 

to L> 
O »H 
U Ti 
U £ 

tO *H 


nvy nivius anyi 



D 

2 i 
U o 
u 

W 3 
O i- 
o 

S 2 

»H -u 
G.J0 ' 

u “ 


e 

x 

u 

•H 

tv 

re 


to 

cj 

w 

to 

CJ <J 


w 
a 
to 
to 
to a 


s u 

X <D 


CO 

o 
u w 


o 
X 
E 

to 

a k 
<u o 

c. ~ 
O +i 

O tv 

0) O X U 
C X 3 

^ o 


£ u 
_ to a 
t- X 
*u 



a 

T 3 

c> 

’J 

in 

•a 

X 

Q 

u 

0 / 

o 

+i 

o 

re 

X 

re 

u 

o 

>. 

w 



tv 

re 

\C 

X 

0 

C 

o 



w 



u 

o 

i-V 

<T 

c 

c 


*3 


to 



•H 

o 

0 

Ci 

res 

ly 

-a 

V 

re 

a. *—t 

AJ 

iv-C 

V 

l^v 

CO Vi 

e 

tv 

c 

w 

C. 1 -H 

•w 

u 

c 

re 

o 

re 

O 

re 

Civ 

CO 

LI 

25 

to 

> 

tv 

> 


7 








I 

f 





•«** r#tt o ihimv 

, • UH 0 «m 

li#M VVlil <mvtsi«*03 ADM INI Mi'iVMiJ* 


*t c a 


i I *. 

— c • 


i -: w 

* > ^ 


to •» 

3 • e 


HI 


*/5 *• / 

7 r 4 ^ 

■*/!>/. 

* * a 

I *. u 

' ■“T r 

t . j £ 




■* ? 

7 ^ 


to X X ; 
3 

•***?*< 

is -= - r 

to to C 


B : 


. /. 

X — s 

.1 i 
“ - • 



S i 

fclVNlS I0M1 


W ^ 

9 

- to 

C V 
> 

- c 

o — 

*2. y 

- / 


5 / 
x e 

* 2 L 

J 8 I 


s * 


w — to to 3 

- * B g C •• V 

-?■" >J>- W £.to 

* a •* w - o 


3 

a -a 

5* 

\i 

c L 


- 

< 




— e 

*r * 

E '- 

X a 


x 
•i 

/ g 


y c 
a g 


au 

E 1? tl 

•* > 7 » — 



i » nvb nivhis mm 




